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Potential ferroelectricity in charge-transfer organic materials is often masked by the intrinsic con-
ductivity. Here, we report the compelling evidence of ferroelectricity in organic p-conjugated
meta-nitroaniline (m-NA) crystals as shown by the local electromechanical measurements using
the piezoresponse force microscopy (PFM) technique. m-NA is a charge-transfer molecular
material with the exceptional optical non-linearity and perceptible conductivity along the crystallo-
graphic polar axis. While standard Sawyer-Tower measurements revealed an apparently lossy-
dielectric hysteresis, The PFM switching spectroscopy indicated clear ferroelectric behaviour in
this technologically important multifunctional material. Further study of the pyroelectric properties
in m-NA crystals confirmed their high spontaneous polarization of 18 lC/cm2 at room temperature,
comparable to the best known organic ferroelectrics. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4965710]
The recent discovery of room-temperature organic ferro-
electric materials1–5 and the demonstration of ferroelectricity
in bio-organic crystals, for example, amino acids and nucleo-
bases,6,7 have stimulated interest in their functional proper-
ties related to the presence of spontaneous polarization
(piezoelectricity, pyroelectricity, and multiferroic behav-
iour). The strategy for the crystal engineering of pure organic
materials possessing ferroelectricity is based on the careful
design of molecular symmetry packing in a polar crystalline
structure.8–10 However, in many known organic polar materi-
als with pronounced nonlinear-optical, piezoelectric, and
pyroelectric properties, the possible ferroelectricity has not
been investigated so far due to the lack of suitable methods
and masking effect of conductivity.
Meta-nitroaniline (O2NC6H4NH2, m-NA) is a derivative
of the push-pull 4-nitroaniline paradigm chromophore with
the large molecular first optical hyperpolarizability. In these
chromophores, known as donor-acceptor charge transfer com-
pounds, the high hyperpolarizability originates from donor-
acceptor (NO2 NH2) conjugated groups linked through a
delocalized p-electron system along the molecular charge
transfer axis. This results in very large electro-optic11,12 and
nonlinear optical coefficients.13,14 The intramolecular charge
transfer characteristic of benzene derivative molecules con-
taining electron donor and acceptor substituents is also of
interest for photoluminescence applications.15 Additionally,
m-NA crystals possess strong piezoelectricity with a potential
to be used in the electromechanical sensors and actuators.
Bain et al. reported on large values of piezoelectric coeffi-
cients obtained by a direct method: d31 and d33 of about
31 pm/V and 7 pm/V, respectively.16 Lattice distortions mea-
sured by the synchrotron X-ray multiple diffraction technique
under an applied electric field proved these coefficients to be
as high as 165 pm/V and 103 pm/V.17
The synchrotron X-ray multiple diffraction technique
also revealed a distinct signature of ferroelectricity in the
m-NA crystal18 the hysteresis-like behaviour of the X-ray
rocking curve peaks in the plane parallel to b-axis was caused
by the application of an electric field E with a steeply rising
strength along the polar c-axis. After a certain threshold elec-
tric field, the charge transfer over the donor and acceptor
groups in m-NA becomes nonlinear due to the coupling of
two types of geometrical distortions caused by the elongation
of the donor-acceptor conjunction group and its torsional
change. These cause the hysteresis and memory effect.
Despite a strong interest in room-temperature ferroelec-
tricity in charge transfer complexes,4 the ferroelectric prop-
erties of m-NA have never been studied by conventional
techniques, and at this moment, only the report by Avanci
et al.18 substantiates this important property in m-NA. This
is probably due to the difficulties caused by the presence of a
notable conductivity and high dielectric losses, which are
common for most organic charge-transfer compounds.19,20
These are deleterious for the standard Saywer-Tower ferro-
electric hysteresis measurement.21 Additionally, charge
transfer complex materials commonly possess a low break-
down field, causing crystal damage before the switching of
polarization occurs.
Alternatively, the polarization state of the material can
be probed by the converse piezoelectric effect, on the basis
of the piezoresponse force microscopy (PFM) imaging and
spectroscopy techniques that allow to detect an alternating
displacement of the surface caused by the applied AC elec-
tric field with a high spatial resolution (down to 10 nm).22
Since the amplitude of the piezoresponse is proportional to
the local polarization, the method can be used for the evalua-
tion of ferroelectric properties in general. Furthermore,
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recently this technique has been applied for studying the
polar properties in soft biological systems.3,7,23–26 In this
letter, we demonstrate the evidence of a room temperature
ferroelectric behaviour in organic charge-transfer (m-NA)
crystals, as shown by PFM.
The crystals of m-NA were grown by slow evaporation
from acetone solution at room temperature in a dust-free
chamber. Transparent optical quality, brown-yellow col-
oured crystals with a needle-like shape up to 10mm length
and aspect ratio 1:3 5 (as described elsewhere27) with elon-
gation along [001] were obtained. This habit was used to
determine the c-axis direction in bulk crystals.27,28 In this
morphology, the hydrogen-rich faces containing amino
groups are exposed on the (001) plane, while oxygen-rich
faces containing nitro groups are exposed on the opposite
ð001Þ plane, thus forming a net polarization along [001].
m-NA crystals are optically biaxial and possess the
orthorhombic crystal lattice with space group Pca21 (point
group 2mm) and lattice parameters a¼ 18.873(2) A˚,
b¼ 6.5212(9) A˚, and c¼ 4.9980(7) A˚.29,30 The unit cell con-
sists of four donor-acceptor molecules forming long-range
polar chains along [011] and ½011, interlinked by N H
N H  N N interactions, where consecutive molecules are
parallel to each other. The three-dimensional structure of
m-NA can be described as an array of all-parallel polar layers
perpendicular to [100] and interconnected by weak C H   
O bonds. The striking structural feature is a polar supermole-
cule charge-transfer network along ½001.29,31
Figure 1 shows the current-voltage characteristics and
frequency dependence of impedance measured in the m-NA
crystal along the polar axis. The current I increases with
increasing voltage V in a slightly non-Ohmic fashion
(Fig. 1(a)), indicating possible contribution of shallow traps
to the electric conductivity in m-NA.30 The frequency depen-
dence of the impedance (Fig. 1(b)) is attributed to the high
contribution of DC conductivity to the impedance. The
obtained electrical conductivity 2:5 10 10 S/m is in a good
agreement with the previously reported values.32 The con-
ductivity mechanism in m-NA is well understood32–34 and is
associated with a “hop and turn” mechanism representing
protons hopping and reorientational motions of the benzene
ring and both substituents. As revealed in Ref. 32, the m-NA
crystals are narrow-band gap semiconductors with a suffi-
ciently small bandgap of 1.77 eV resulting from a very small
overlap of molecular orbitals. The largest overlap occurs
along the polar axis direction that coincides with stacking in
m-NA crystals.29 Thus, one can conclude that the contribu-
tion of the conductivity to the dielectric properties of m-NA
is essential.
Attempts to study the ferroelectric behaviour by the
traditional macroscopic Sawyer-Tower technique (with
compensation circuit for conductive losses) did not provide a
meaningful hysteresis for applied electric fields up to the
breakdown field value. Instead, spurious effects due to
leakage currents were observed. While the Sawyer-Tower
method is based on the detection of accumulated charge
resulting from the electrical field induced polarization rever-
sal and thus is prone to conductivity artefacts, the PFM tech-
nique is not sensitive to leakage current contribution because
the electric field-induced displacement measurements are
carried out that are not dependent on the conductivity.
For the study by the PFM technique, the needle-shaped
m-NA crystals were placed in epoxy resin and then cut
perpendicular to the polar c-axis. The axis of the scanning
cantilever was oriented parallel to the (001) plane. Thus,
all studies were conducted on the polar cut of the crystal.
Figures 2(a) and 2(b) show the AFM topography of the
2 2 lm2 area of the m-NA crystal surface corresponding to
vertical (out-of-plane) piezoelectric response signal. The
contrast of the scanned PFM image in Fig. 2(b) represents
the structure of domains having opposite directions of the
polarization, as proven by the PFM signal phase (the phase
difference between bright and dark areas is 180). It should
be noted that special precautions were taken to minimize the
possible electrostatic effects and the instrumental cross-talk
between driving signal and measured response. This has
been done by using a cantilever with high stiffness constant
and low scan speed operating at frequency 17 kHz that is far
below from the resonance of the cantilever. As seen from
Figs. 2(a) and 2(b), the obtained features are not related to
FIG. 1. (a) Current voltage characteristic (red line shows a linear fit of the
experimental curve) and (b) frequency dependence of impedance in m NA
crystal measured along polar axis.
FIG. 2. (a) Topography and (b) domain structure at the surface parallel to
the (001) plane, perpendicular to the polar axis in m NA crystal. (c) Phase
voltage hysteresis loop and (d) amplitude voltage butterfly loop measured at
different points in m NA crystal.
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topographic details and, therefore, can be considered as real
ferroelectric domains. The randomness of the domain struc-
ture can be attributed to the intrinsic disorder in m-NA.35
Figures 2(c) and 2(d) show the phase and amplitude hys-
teresis loops that are representative of the d33 piezoresponse
(/ A  cos/, where A is the piezoresponse amplitude and
/ is the phase angle) acquired with out-of-plane (longitudi-
nal) PFM. The application of consecutive voltage pulses
causes polarization reversal and corresponding variations in
the amplitude and sign of the piezoresponse signal. Square
phase hysteresis and “butterfly” shape of the amplitude
loop (Figs. 2(c) and 2(d), respectively) indicate a switchable
out-of-plane polarization component consistent with the uni-
directional character of polarization in m-NA crystal. The
average coercive voltage defined from the local hysteresis
(different from the macroscopic coercive one36) was about
60V. Such a high voltage could be due to the difficult nucle-
ation of inverse domains or to their strong instability as a
result of backswitching. A shift in both phase and amplitude
hysteresis loops toward the positive bias voltage could be
possibly attributed to the strong charge trapping39,40 or
bulk screening of depolarization field. It should be noted
that the electrostatic contribution due to charge injection
(see, for example, Ref. 37) can be excluded because
sufficiently stiff cantilevers were used that ensured strong
indentation regime of the PFM measurements.38 The
obtained values for transverse d31 (obtained from lateral
piezoresponse) and longitudinal d33 (derived from vertical
displacements) piezoelectric coefficients were found to be
206 1 pm/V and 4.06 0.5 pm/V, respectively. Taken into
account that PFM method measures only switchable polari-
zation under local PFM conditions, these values match well
with those obtained by a direct method in a bulk crystal.16
In order to further investigate ferroelectric properties in
m-NA crystal, the pyroelectric technique for the measure-
ment of the electric charge induced by the temperature
change was used. Figure 3 represents the variation of the
pyroelectric current with a change of the ramp temperature
obtained by the dynamic pyroelectric measurement. Current
measurements were carried out by using an ultra-high input
impedance electrometer (Keithley 617) across a shunt
resistance with the crystal hold under a constant stress to
avoid the piezoelectric contribution. The temperature ramp
oscillation (Fig. 3(a)) was generated by a Peltier element and
was driven with a frequency of about 0.01 0.03Hz and
amplitude of about 17K at about 288K. The pyroelectric
response (Fig. 3(c)) is nearly symmetrical with respect to
heating/cooling stages and I(t) strictly follows the shape of
the temperature derivative dT/dt (Fig. 3(b)). The obtained
value of effective pyroelectric coefficient q ¼ 4:4460:21
10 6 cm 2K 1 is lower than those reported by Asaji
and Weiss35 acquired by the same method. This deviation
may be associated with different measurement conditions
and temperatures, and the electrical history of the crystal.
The pyroelectric figure of merit M ¼ q= p ¼ 2:23
10 8 cm 2 K 1 was one order of magnitude higher than
that of semiorganic triglycine sulphate crystal.41
Figure 4 presents the temperature dependence of sponta-
neous polarization Ps along the polar axis in m-NA crystal
obtained by the integration of the pyroelectric current during
a continuous temperature change with dT=dt ¼ 1 K/min. It is
seen that spontaneous polarization in m-NA abruptly disap-
pears above 370K. This is in a good agreement with the pre-
viously reported temperature dependence of dielectric
permittivity in m-NA crystals, showing a peculiar peak on
the dielectric permittivity 0 and pronounced drop of tan d at
about 373K.32,33 Additionally, differential scanning calorim-
etry (DSC) also showed sharp anomalies near 373K during
cooling. Such anomalies together with the reported large
temperature hysteresis in DSC curves are commonly associ-
ated with a first-order ferroelectric to paraelectric phase tran-
sition.32 The disappearance of polarization at T> 370K
allowed estimating the spontaneous polarization of m-NA.
The polarization value of 18 lC/cm2 obtained in the m-NA
crystal is among the highest values measured in single-
component organic H-bonded crystalline compounds. The
highest value of spontaneous polarization of 23 lC/cm2 and
21 lC/cm2 was reported in a diisopropylammonium bromide
(DIPAB) and croconic acid crystals, respectively.5,42 Table I
summarizes the properties of the m-NA crystal in compari-
son with the data for some other room-temperature organic
ferroelectrics.
The polarization of H-bonded ferroelectrics originates
from the rearrangement of the p-conjugated electron system
(tautomerism) associated with a reversible and collective pro-
ton transfer. As previously proposed in Ref. 34, the mechanism
of polarization reversal under applied field in m-NA can occur
FIG. 3. (a) The temperature cyclic change, (b) derivative, and (c) output
pyroelectric current obtained in m NA crystal. Highlighted areas show zones
with different temperature derivatives. FIG. 4. The temperature dependence of the polarization in m NA crystal.
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in a similar way to that described for organic-inorganic hybrid
diazabicyclo[2.2.2]octane ([dabcoH]þ[ReO4] ).
44 Proton hop-
ping connected with a spontaneous polarization along N H   
N hydrogen bonding is caused by the rotation and hopping of
the anion group. The same switching mechanism was sug-
gested for a single component organic ferroelectric croconic
acid.1,4,45 It was found that large polarization originates from
the charge transfer due to the strong “push-pull” effect of
electron-releasing and withdrawing groups along the hydrogen
bonds.45
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TABLE I. Properties of m NA crystals (at room temperature) in comparison
with selected high temperature organic ferroelectrics. Ps is spontaneous
polarization, Tc is Curie temperature, r is relative dielectric permittivity,
q is pyroelectric coefficient, and dij is a component of piezoelectric tensor.
Material Ps, lC/cm
2 0r q, lC/m
2K dij, pV/m Ref.
m NA 18.0 3.8 4.44 20 (d31)
7.5 31 (d31) 16,35
Croconic acid 21 11 556 20 5
MBI 10 2
DIPAB 23 70 360 (d22) 42
PVDF TrFE 13 7 10 55 (d33) 43
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